Introduction
Blood flow velocity can conventionally be measured by the continuous wave and pulsed Doppler techniques. Flow can be quantitatively measured with the least velocity limitations by using continuous wave Doppler. Being continuous, the ultrasound wave has no depth resolution. This means that any flow which happens to run somewhere along the beam will contribute to the final measurement. In cases when one can be sure that only one blood vessel is hit by the ultrasound beam the result will be satisfactory.
The advantages of these systems are twofold: there are no high velocity limitations and the cost of such instruments is lower than that of other types.
The position of the deep-lying vessels in the moving fetus as related to the ultrasound beam is unknown, and it is difficult to keep them in the path of the beam. By using pulsed wave Doppler, which is depth selective, blood flow in particular fetal vessels, e. g., the fetal aorta or umbilical vein, can be analyzed. Depth selection is achieved by imposing a time delay in the reception of echoes from the transmitted pulse. The position and the volume of the sample along the beam axis determinate the delay as well as reception time. The position of the sample is controlled on the B-scan which can be used alternately with the Doppler system. The limitation in this case is posed by the upper limit for high velocity measurement. If the sampling theorem is violated, velocity measurement results will include artefacts which cannot be eliminated by any available mathematical method [9] . The limitation depends on the number of samples per second in pulsed Doppler measurements and, therefore, is less restrictive in shallow blood flow measurements than in cases when the flow is located deep in the body.
Continuous and pulsed Doppler measurements provide fairly elaborate results. Raw Doppler shifts can be analyzed in different ways, and spectral velocity, volume, pulsatility and turbulence data can be obtained. All these data are obtained from very restricted areas within the body so that probe aiming becomes critical, while obtaining data from an area requires long and tedious effort.
Pulsed Doppler is now used extensively in fetal circulation studies. Abnormalities in fetal peripheral circulation can be used as an important diagnostic parameter for the assessment of fetal well-being, especially in cases of placental insufficiency and consecutive intrauterine growth retardation [2, 3, 5, 8] .
Sometimes a semiquantitative overview of flow velocities and directions within an area, rather than strict quantitative flow analysis, will provide clinical information most rapidly. This can be achieved by flow mapping. Like many others, the basic principle has first been devel-oped for military use in moving target identification radar. The comparison of consecutive images, based on the subtraction of images obtained from the same area at different times is the simplest method for identifying moving reflectors. When two subsequent two-dimensional images are subtracted, the non-moving reflectors vanish and only the subsequent positions of moving reflectors appear in the image. This, the simplest approach suffers from major limitations at higher velocities; the multiplication of subsequent images yields measurements with fewer restrictions.
By applying the moving target identification principle to an ultrasonic diagnostic instrument using sound waves instead of radio waves, blood flow in the heart or large vessels can be displayed. Technically a delay line is used to bring data from subsequent images to a multiplier. This is, in fact, an autocorrelation calculation.
It can mathematically be shown that the autocorrelation function contains a number proportional to target movement velocity which can be automatically detected and displayed [4] . The limitations for color flow mapping are very similar to those affecting currently used pulsed Doppler instruments. As illustrated in table I, the sampling (pulse repetition rate) limits the velocities which can be color coded. The color code itself is additional quantitative limitation since it relies on subjective judgement of color and brightness. Furthermore, care must be exercised in interpreting flows running at 90° to the scanning beam, because the flow will be shown at the opposite ends of an image in opposite colors while the indication vanishes at exactly 90°.
The aim of this study has been to evaluate the diagnostic potential of flow mapping in obstetrics, particularly in antenatal detection of congenital heart abnormalities and studies of blood flow in fetal peripheral vessels.
Subjects and methods
Color flow studies were performed by using an Aloka Color Doppler SSD-880 CW unit with 2.5 and 5 MHz sector probes. In addition to the mapping function the machine is equipped with a conventional continuous and pulsed Doppler system which can be used simultaneously with B-mode imaging as in duplex Doppler systems. It should be emphasized that the machine under consideration was originally designed for studies of cardiac circulation in adults and children, and its obstetrics application was not specified by the manufacturer. The equipment was set for the display of unidirectional flow in basic red or blue color, and disturbed flow was expressed by a cyan or yellow variation in tint.
Twohundred and eleven pregnant women between 15 and 40 weeks of pregnancy were examined: 193 had uncomplicated pregnancies with a known gestational age, as confirmed by an early scan. The group with abnormal pregnancies included 11 cases of insulin dependant diabetes, 2 cases of Rh-immunization, 2 cases of non-immune fetal hydrops of unknown cause associated with polyhydramnios, 2 cases of fetal cardiac structural defects and 1 case of intrauterine growth retardation. Several parameters were studied, i. e., the possibility of clear intracardiac flow visualization, and the possibility of clear flow visualization in the aorta, umbilical artery and vein, and internal carotid artery.
The fetal heart was first visualized on the Bscan in four characteristic sections, i. e., the four chamber view, the parasternal long axis view, the sagittal section demonstrating the aortic arch and the short axis through the base of the heart. After a good B-scan image was obtained, the color flow function was superimposed in the attempt to visualize flow through each particular part of the heart. The same approach was employed in studies of flow in large fetal vessels.
The study of blood flow in the umbilical vein was more detailed as compared with the other vessels. The loop of the cord was visualized close to the anterior uterine wall at standardized scan depth of 6 cm by using the 5 MHz probe. The inner diameter of the vein was then measured by a built-in caliper system. At least three diameter measurements were performed and the mean value calculated. Flow was displayed next and flow width measured in the same way. When flow in the umbilical vein is displayed after 20 weeks of gestation two components denoted by variance in basic color can be distinguished. According to the manufacturer's specifications the dark flow component as illustrated in figure 1 corresponds to the area of approximately uniform velocity, while the light component alongside the vessel wall represents a mixture of the basic color (red or blue) with green and denotes a high velocity gradient. As these two components are separable in most cases after 20 weeks of pregnancy, we have tried to establish any changes in their area ratio during pregnancy and in certain pathological situations. The ratio of these two components was calculated by a video digitizer in a standardized segment of the vessel and then expressed as an index, A 2 where
Ai is the flow area in the 1 cm vessel segment and A2 the area of the inner flow component. Statistical analysis was performed by using the Student's paired t-test.
Results
The best results in color flow mapping were obtained between the 20th and 24th weeks. At this gestational age intracardiac flow can easily be seen in 78% (35/45) of cases. The analysis was significantly improved when the fetus was lying on its back (figure 2). After the 24th week the heart flow visualization rate gradually decreases to 31% (11/36) before term. In two cases of fetal cardiac structural defects color flow mapping has been particularly useful for detailed assessment of abnormality. In both cases diagnosis of the tricuspid valve insufficiency was easily made by demonstration of reverse flow through the valve during systole of the ventricles (figures 3, 4, 5). Flow mapping was also helpful for the exclusion of a possible associated ventricular septal defect, but mild pulmonary stenosis, which was present in both cases at autopsy, could not be diagnosed with certainty. (A more detailed report of the role of color flow mapping in fetal cardiac structural defects assessment will be published later).
At the 24th week flow in the intrahepatic part of the umbilical vein can be seen in 42% (19/ 45) of cases. Poor results were obtained in studies of the fetal aorta which could be visualized in 11% (5/45) of cases while the internal carotid artery was not seen. All the other fetal vessels are deep-lying in the third trimester and are difficult to assess. The only exception are the vessels in the cord which are clearly seen even at 15 weeks.
In the period between 20 and 40 weeks these vessels were seen in 100% of cases. Generally, flow is displayed best when the angle between the blood stream in the vessel and the longitudinal transducer axis does not exceed 30°. The comparison between the diameter of the umbilical vein measured on the B-scan and flow width showed no significant difference (t = 0.26; p < 0.01; N = 209).
The two-component index or color flow index was calculated in 106 cases which included 101 As shown, in normal pregnancies the ratio is relatively high between the 20th and 26th weeks; the value then decreases and remains constant until term. In two cases of Rh-immunization and two cases of fetal hydrops which are marked separately, the index values were significantly lower than in the normal group. Marked dilatation of the umbilical vein was a common feature in all four cases. In one case of intrauterine growth retardation, which is also marked in figure 6 , the index was within normal limits.
By using flow mapping we could also diagnose a case of single umbilical artery syndrome in a diabetic patient at 37 weeks on the basis of extremely prominent flow in the umbilical artery which was almost as wide as flow in the vein (figure 7).
Discussion
The great value of color flow mapping has already been recognized in studies of intracardiac circulation in adults and children [6] . It provides for direct visualization of blood flow within the heart and relatively easy detection of any abnormal communication between cardiac cavities caused by congenital and aquired heart disease ( figure 8) . Examination of the fetal heart has recently become feasible in obstetric ultrasonography, and fetal echocardiography and blood flow studies are now generally accepted as methods for antenatal diagnosis of congenital heart disease and abnormalities of fetal peripheral circulation [3, 10] .
Direct visualization of intracardiac flow by color flow, mapping can probably improve ultrasonic detection of various structural heart abnormalities. The two cases described illustrate that the method gives valuable information about valve function. It can also be useful for detection of small ventricular septal defects which are practically undetectable by conventional methods.
Flow mapping of fetal peripheral vessels has shown, in optimum conditions (5 MHz probe, low scanning depth and optimum angle), no significant difference between the vessel diameter measured on the B-scan and flow width. Accordingly, flow diameter can be used for vessel diameter estimation in situations when the investigated vessel lies parallel to the ultrasound beam. In such cases B-mode scanning measurements of the diameter are not reliable because of poor axial resolution.
Moreover, flow mapping provides not only for the visualization of flow direction but also yields some information on flow profile. All Doppler analyses in clinical practice are now based on the evaluation of peak velocity changes during a cycle, but provide only limited information on flow profile. As illustrated in figure 6 , flow profile in the fetal umbilical vein changes during pregnancy. Significant flow profile changes were also observed in 2 cases of Rh-immunization and 2 cases of fetal hydrops. This finding can be explained both by vessel dilatation and lower blood viscosity due to fetal anemia in these cases. One case of single umbilical artery syndrome was also diagnosed by flow mapping. As this condition is frequently associated with prematurity, early neonatal death, and gross fetal malformations, meticulous evaluation of fetal anatomy and appropriate obstetrical management is required [7] . In all five cases with abnormal flow profile examinations were also performed by conventional pulsed Doppler, but revealed no abnormalities in velocity waveform analysis.
The study is still in progress and only preliminary results have been illustrated, so it would be difficult to draw any final conclusions regarding the usefulness of flow mapping in obstetrics. Certain advantages are obvious. Fetal heart circulation can be accurately assessed during the second trimester. In cases of fetal cardiac structural defects it is possible to gain more information about disease and it provides for more accurate diagnosis, particularly by demonstration of abnormal intracardiac flow. The observation of flow profile presumes a new approach to blood flow analysis in peripheral vessels which potentially provides more data on normal and abnormal flow characteristics. It is our belief that the investigated technique may provide a promising new parameter and, along with additional clinical evidence, improve our understanding of fetal cardiovascular physiology and pathophysiology. In the meantime its real value should not be either underestimated or overestimated.
Summary
Blood flow studies are now used extensively in evaluating fetal peripheral circulation. By using continuous and pulsed Doppler ultrasonic equipment the raw Doppler shifts caused by blood moving in the vessels can be analyzed in different ways. Spectral data can be used to estimate blood velocity and volume in the vessel, and pulsatility characteristics and turbulence. All these data are obtained from very restricted areas within the body so that aiming of the probe is critical, and obtaining data from an area requires long and tedious effort. Color flow mapping which has recently been introduced into clinical practice provides an overview of flow velocities and directions within an area. Color coded flow can be displayed by applying the moving target identification principle (as in radar) to an ultrasonic diagnostic instrument where sound waves are used instead of radio waves. The value of flow mapping has already been recognized in the diagnosis of congenital and aquired heart disease in adults and children. Direct visualization of intracardiac flow provides for a fast and accurate diagnosis of various cardiac defects, such as the ventricular septal defect, without cardiac catheterization.
In the present study we have investigated the potential of color flow mapping in obstetrics. 211 pregnant women were examined between the 15th and 40th weeks of pregnancy. 193 of them had normal pregnancies; 18 were abnormal, including 11 cases of insulin dependent diabetes, 2 cases of Rh-immunization, 2 cases of nonimmunologic fetal hydrops, 2 cases of fetal cardiac structural defects and 1 case of intrauterine growth retardation. Intracardiac flow was clearly seen in 78% (35/45) of cases at the gestational age between the 20th and 24th weeks. After the 24th week the heart flow visualization rate gradually decreased to 31% (11/36) before term. In 2 cases of congenital heart abnormality flow mapping enabled clear visualization of reverse flow through the tricuspid valve and diagnosis of valvular insufficiency.
The best results in studies of flow in peripheral vessels were obtained from umbilical vessels which were seen in all cases after the 15th week. The flow visualization rate was much lower when the fetal aorta, intrahepatic umbilical vein and internal carotid artery were studied. The comparison between the diameter of the umbilical vein measured on the B-scan and flow width in the same vessel showed no significant difference (t = 0.26; p < 0.01; N = 209). In optimum examination conditions two different flow components could be recognized in the umbilical vein. According to the specifications of the used equipment the central component represents fast unidirectional flow, while the peripheral component represents the high velocity gradient. The ratio of these two components is not constant during pregnancy and reflects flow profile changes. In two cases of severe Rhimmunization and in two cases of non-immune fetal hydrops significant flow profile changes could be observed as compared to the normal group. The finding was explained by marked vessel dilatation and lower blood viscosity in the cases.
The results suggest that color flow mapping can be useful in antenatal detection of congenital heart abnormalities because it affords visualization of intracardiac flow in a high proportion of cases if examination is performed during the second trimester. Flow profile analysis opens up new avenues in blood flow studies of fetal peripheral circulation but its usefulness should be confirmed by additional extensive in vitro and clinical studies.
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Zusammenfassung

Farb-Flowkodierung in der Geburtshilfe
Studien über den Blutfluß sind inzwischen allgemein gebräuchlich zur Beurteilung der fetalen peripheren Zirkulation. La cornparaison entre le diametre de la veine ombilicale mesure en echographie B et l'epaisseur du flux au niveau du meme vaisseau ne montre pas une difference significative (t = 0,26; p < 0,01; N = 209). On peut reconnaitre deux composantes differentes du flux au niveau de la veine ombilicale dans des conditions optimales d'examen. Selon la specificite du materiel utilise, la composante centrale represente le flux rapide unidirectionel, tandis que la composante peripherique represente le gradient de haute velocite. Le rapport de ces deux composantes n'est pas constant au cours de la grossesse et il reflete les modifications des profils du flux. En comparaison du groupe normal, on a pu observer des modifications significatives des profils du flux dans deux cas d'iso-immunisations rhesus et dans deux cas d'hydrops foetalis non-immunologiques. On a explique ces donnees par la dilatation importante des vaisseaux et par la viscosite sanguine diminuee dans ces cas. Les resultats suggerent que le doppler couleur peut etre utile pour le depistage prenatal des cardiopathies congenitales car il permet la visualisation des flux intra-cardiaques dans une proportion elevee de cas si 1'examen est realise au cours du second trimestre. L'analyse des profils de flux ouvre une nouvelle voie dans l'etude des flux sanguins de la circulation foetale peripherique, toutefois il faut, pour confirmer son utilite, que des etudes supplementaires in-vitro et en clinique, soient effectuees.
